Femtosecond laser-based Nonlinear Laser Lithography (NLL) was applied to AISI 316L stainless steel, which requires surface modification to achieve satisfactory tribological behaviour. NLL advances over the well-known Laser Induced Periodic Surface Structures (LIPSS) in terms of uniformity and long-range order of high speeds, over large areas. A galvanometric scanner head was used for an high production rate. Dry and lubricated sliding tests, considering different orientations of the nanotexture showed that COF values after NLL treatment are significantly lower. In lubricated tests, COF values of NLL-treated surfaces are nearly half the values of untreated surfaces, whereas the difference further increases when measured in dry conditions, where the orientation of the surface texturing influences the results.
Introduction
Austenitic stainless steels are widely used in chemical, biomedical and nuclear applications, because of their corrosion resistance and non-magnetic properties [1] . However, in applications involving steel-on-steel sliding contacts, such as pumps, valves and bearings, the tribological behaviour of AISI 316L may be unsatisfactory [2] . Lubricants and coatings [3] are often used to reduce friction and wear, but lubricants have well-known drawbacks (such as their environmental impact) and coatings may significantly affect the design of the component and its final cost [4] . Among alternative surface modification technologies for the improvement of tribological behaviour, the generation of textured surfaces with laser-based technologies recently attracted a significant research interest. Surface texturing can be achieved by various techniques: in particular, the use of a laser beam detected by a galvanometric scanner permits to generate sets of pits, grooves or ripples that are regularly or randomly distributed. As regards the application of laser texturing on steel surfaces, in [5] Andersson et al. used a UV laser to produce grooves with an aspect ratio of about 1, which were reported to improve wear-resistance of the material (M2 high-speed steel) and decrease the Coefficient Of Friction (COF). An experimental investigation of the tribological properties of 17-4 PH stainless steel was conducted by Qiu et al. [6] by generating dimples on the surface using a laser marking machine, where large dimples helped to reduce the COF. On the other hand, the authors pointed out an increase in the wear ratio, probably due to the reduction of the contact area. Ramesh et al. [7] presented the results of unidirectional sliding tests in lubricated conditions, showing a decrease in COF after surface texturing of 17-4 PH stainless steel by creating grooves with diameters between 30 and 110 μm. Generation of dimples with relatively large dimensions (15 to 800 μm) on engine parts using a nanosecond fiber laser was reported by Braun et al. [8] : tribological tests conducted on carbon steel (normalized C85) and bearing steel (100Cr6) performed in conditions mimicking realistic engine working conditions, showed a COF decrease up to 80%. The use of a femtosecond laser to generate grooves 50 to 100 μm wide on the surface of 100Cr6 steel was reported by Scaraggi et al. [9] thus obtaining a reducing of COF in lubricated conditions.
In all these papers, the characteristic dimensions of the patterns on the surface are rather large. They are determined by the minimum laser spot size, always larger than the laser wavelength. However, theory suggests that the tribological properties could be further improved by decreasing the dimensions of these textures to the nanoscale, as pointed out in the recent theoretical study cited by Daschiel et al. [10] .
The formation of ripples, grooves and nanostructures on material surfaces generally known as Laser Induced Periodic Surface Structures (LIPSS) is a well-known phenomenon that has been investigated on various materials such as metals [11] [12] [13] , dielectrics [11, 14, 15] and semiconductors [16] . In recent years the generation of nanostructures on different material surfaces has attracted a lot of attention from researchers due to the potentially implementation of these methods in various manufacturing processes [11, 17] . In particular in Bonse et al. [18, 19] the effects of LIPSS on the tribological properties of martensitic stainless steel, chromium steel and titanium alloys were investigated. While no appreciable results were measured on steels the effects on titanium alloy appeared to be encouraging. However, some technical limitations must be solved such as low-speed, problems of material control and lack of uniformity and repeatability over large areas [20, 21] . Recently, a technique called Nonlinear Laser Lithography (NLL) has been introduced [22] , which allows fabrication of extremely uniform, self-similar nanostructures, with excellent long-range repeatability and production rate. The technique has been reported to be applicable to various materials, even with non-planar, curved and flexible surfaces. NLL essentially generates surface nanostructures by utilizing nonlinear feedback mechanisms arising from the interaction of femtosecond laser pulses with the material surface as well from the laser-initiated chemical reactions. Key features, such as superior uniformity and ability to process non-planar surfaces has been presented as a direct consequence of the self-regulation, provided by these feedback mechanisms.
In the present work, NLL technique is used to provide an effective and low-cost method for the fabrication of large-area nanotextured metal surfaces. Specially, we report on generation of highly uniform nanostructures on AISI 316L austenitic stainless steel surface, in order to improve its tribological properties. The sliding behaviour of the NLL-induced nanostructures was assessed by dry (block-on-ring) and lubricated (ball-on-disk contact geometry) sliding tests, using different counterbody materials. Moreover, we evaluated the effect of the orientation of nanostructures with respect to the sliding direction (parallel/perpendicular) on frictional properties.
Materials and methods

Material
The material under investigation is the AISI 316L austenitic stainless steel, despite its lower tribological performance, it is widely used where contact with food, liquids and drugs require an elevated resistance to corrosion and high chemical stability. In the case of relative movement between parts like coaters or mixers the design of the system must assure a low contact pressure in order to avoid rapid damage.
The material was supplied as extruded bars in the ashomogenized condition followed by conventional solution treatment and presenting a hardness of 230 HV 0:1 . The chemical composition of AISI 316L, measured by spark optical emission spectroscopy, is reported in Table 1 .
NLL-induced surface texturing
NLL-induced nanostructures were generated using a custombuilt Yb-doped fiber laser system as shown in Fig. 1a . The setup provides pulses of 270 fs at a central wavelength of 1037 nm with a spectral width of 15 nm. The pulse repetition rate was set to 200 kHz and at this frequency the setup can generate up to 8 μJ pulses, resulting in an average power of 1.6 W. The laser beam was then delivered to the surface thank to a galvanometric scanner (SCANLAB SCANCube III) equipped with a 56 mm focal length ftheta lens.
Using this configuration, areas of 7 Â 5 mm 2 on the material surface were NLL-treated in parallel (SS J) and perpendicular (SS ? ) orientations of the ripples with respect to the scanning direction, and with steps between scanning lines fixed to 5 μm.
The schematics shown in Fig. 1b and c describe the mutual directions of the polarization plane E, the scanning direction of the beam v S and the sliding direction v R during tribological tests. The scanning speed was set to 200 mm s À 1 for all experiments. Table 2 shows the laser parameters used in the NLL-treatments of the samples SS J and SS ? where θ P is the angle between direction along the nanostructures and the sliding direction(v R ); E p is the energy per pulse; τ P is the pulse duration, f is the repetition rate; δ S is the step; d is the spot diameter; and v S is the scanning speed.
Structural and chemical analysis
The surface morphology was observed in secondary electrons imaging mode using a Variable Pressure Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy (VP-SEM Zeiss EVO 50 with Oxford Instruments Inca 350 EDS microprobe) and a FEI Nova NanoSEM 450 equipped with X-EDS Bruker QUANTAX-200. The surface roughness was measured using an atomic force microscope (AFM) operating in non-contact optical mode. The roughness was described by the arithmetic mean surface roughness (R a ) and the mean peak to valley height (R z ) that were calculated from the surface profiles. XPS analyses were performed utilizing a SPECS spectrometer equipped with a PHOIBOS hemispherical energy analyzer and a monochromatic Al Kα X-ray irradiation (hν ¼ 1486:74 eV, 350 W) source. The Fe 2p, Cr 2p, Ni 2p, Mo 3d, C 1 s, and O 1 s photoelectron core level spectra were monitored and analyzed. All spectra were calibrated using the C 1 s main peak with binding energy of 284.6 eV. The photoelectron lines were assigned in accordance with XPS handbook [23] . The atomic concentrations of the elements were calculated by taking into account of corresponding relative sensitivity factors in CasaXPS software program.
Tribological tests
The tribological behaviour of the NLL-treated AISI316L surfaces was studied in sliding conditions, by means of two experimental configurations: (i) dry-sliding tests (unidirectional motion) in a block-on-ring configuration and (ii) lubricated tests (reciprocating motion) in a ball-on-disk configurations, so as to explore different contact conditions. Two orientations of the nanopatterned surface were tested, in order to identify which one is more effective in limiting adhesion phenomena: nanostructures parallel to the sliding direction (SSJ) or perpendicular to the sliding direction (SS? ). Dry sliding test were carried out via a slider-on-cylinder tribometer (block-on-ring contact geometry, ASTM G77 [24] ), according to the schematic of were machined from AISI 316L and different areas on them were treated according to the parameters of Table 2 . Two different steels Table 1 Chemical composition of the AISI 316L stainless steel measured via spark optical emission spectroscopy. were chosen as counterface material (i.e. rotating cylinders with 40 mm diameter): (i) untreated AISI 316L austenitic stainless steel (so as to assess the behaviour of self-mating tribological couples), with hardness of 285 HV 0:05 and surface roughness R a of 0.10 μm and (ii) SAE52100 steel (EN100Cr6, which is a rather typical countermaterial for tribological tests, used also in lubricated tests as described below), with hardness of 62 HRC and surface roughness Ra of 0.10 μm. The block-on-ring geometry was selected considering its ability to reproduce sliding conditions which occur in unidirectional sliding systems involving austenitic stainless steel components (such as guides and components for packaging equipment) [25] . Sliding tests were carried out at ambient temperature (2272°C) and humidity (50710 RH%), with a normal load of 5 N (corresponding to a maximum Hertzian contact pressure of 
Table 2
The laser parameters used for the NLL-treatment. cylinders with parallel axes [26] ), a linear relative speed v R of 0.3 m s À 1 and a maximum sliding distance of 100 m.
Lubricated sliding tests were carried out by a ball-on-disk tribometer (pin-on-disk contact geometry, ASTM:G99 [27] ), according to the schematic of The lubricated sliding test were performed with both disk and ball immersed in lubricating oil Mobil Univis N46, under normal loads of 1 N (corresponding to a maximum Hertzian contact pressure of 635 MPa, calculated according to the equations for the contact between spheres [26] ), in reciprocating mode with a track radius (R) of 7.2 mm, a stroke distance (S) of 2 mm, a total of 1000 cycles (total sliding distance: 4000 mm), at a frequency of 1 Hz. Two surface configurations were tested in lubricated ball-on-disk tests: nanostructures parallel (SSJ ) and perpendicular sliding direction (SS ? ). In reciprocating pin-on-disc tests both the average value of maximum COF for each cycle and the absolute maximum COF for each test were measured.
For both configurations, during the tests, friction force was continuously measured by means of a load cell as a function of sliding distance. After the tests, wear scar profiles were determined by stylus profilometry (tip radius: 5 μm). However, detectable wear scar depths were recorded only on the disks in the case of lubricated ball-on-disk tests, as in the dry test the scar shape resulted too shallow and variables along the sliding direction to be accurately measured. Also wear of counterparts was measured by profilometry, but it was non-detectable after all the type of test. The morphology of wear scars on sliders and disks was observed by SEM, in order to identify the dominant wear mechanism.
Results and discussion
Chemical analysis
The chemical composition of the untreated and NLL-treated stainless steel surfaces was evaluated via XPS analysis. The calculated atomic concentrations of the elements on the untreated and NLL-treated surfaces evaluated via XPS analysis are presented in Table 3 . Before the NLL treatment, the detected metals are present on the stainless steel surface both in their metallic and oxidized forms, except Ni, which is present only in the metallic form. After the NLL-treatment the surface was strongly oxidized: the amount of non-oxidized metals was less than 10%. Moreover, the quantitative ratios of the metals on the surface is changed after NLL-treatment: the Fe:Cr:Ni:Mo ratios are 67:23:5:5 for untreated and 48:34:10:8 for NLL-treated stainless steel surfaces. After the NLL-treatment the surface became less enriched with Fe while other metals migrated to the surface most probably due to the oxidation process. In fact, Cr and Mo are known to increase the stability of the passive oxide film on stainless steels, while Ni is effective in promoting repassivation [28] . The analysis of O 1 s spectra demonstrates the increase of oxygen concentration after the NLL-treatment, which correlates with the strong oxidation of the stainless steel surface as a consequence of the NLL-treatment. Fig. 3 shows a representative EDX mapping image of the NLLtreated stainless steel surface, where the bottom part presents a zone which is not treated by the laser. As shown by the EDX map, in the untreated zone the elements are uniformly distributed, Fig. 2 . Schematics of the tribological testing setups used in the present work: (a) slider on cylinder (block-on-ring contact geometry) for dry sliding tests and (b) ball on disk (pin-on-disk contact geometry) in reciprocating mode, with indication of stroke length (S), for lubricated sliding tests. Fig. 3 . A representative EDS X-ray map of SS J NLL-treated surface (stripes produced by the treatment are located in the upper half of the image, whilst the untreated steel is visible in the lower half).
while in the NLL-treated areas periodic Fe-/Cr-enriched stripes and O-enriched stripes are detected. The EDX map clearly shows that Fe and Cr are mostly located in the "valleys", whereas oxygen is mostly located on the "peaks" of the nanostructures. The period of the stripes is estimated to be around 800 nm.
Morphological analysis
The morphology of NLL-induced structures was investigated by SEM. Images in Fig. 4 reveal that periodic nanostructures were successfully obtained by irradiation with the linear-polarized femtosecond laser. Images clearly show quite uniform nanostructures that are homogeneously distributed and parallel to each other. Fig. 4a displays nanostructures obtained in SS ? conditions, in which ripples orientation is perpendicular to the sliding direction. The nanostructures homogeneously cover the entire treated zone with an average periodicity of 8107 50 nm. Fig. 4b shows nanostructures obtained in SSJ conditions: the nanostructures are generated parallel to the longitudinal axis of the steel bar which corresponds to the sliding direction. The average periodicity is comparable to the one observed in SS ? conditions, but also double stripes, periodically joining one another with periods 440 7 40 nm were observed.
The direction of the nanoripples is everywhere perpendicular to the laser polarization. The basic mechanism of created LIPSS is interaction of the incident laser beam with a surface plasmon polaritons (SPPs) [29] . However, NLL principles, such as positive and negative feedbacks and the coherent propagation of the nanostructures along the surface are preserved [22] .
Cross-sectional SEM image in Fig. 5 shows the profile of the obtained nanostructures. The height to width aspect ratio of the ripples is not lower than 1. This suggests that significant effects in changing wettability/tribological properties of the NLL-treated surface might be expected.
We should note that proposal technique has clear advantage in term of productivity. Currently it is 60 mm 2 min À 1 and potentially can be even higher. At least this in two times more respect to those reported by [19] .
Tribological tests 3.3.1. Dry sliding
The histograms in Fig. 6 show the average COF values, evaluated in the steady-state portion of the friction vs. distance plots (such as those in Fig. 7) . The results in Fig. 6 indicate that the average COF of NLL-treated surfaces is smaller than that of 316L (a-f), 100Cr6 (g-n) . General views (a-c, g-i) and high-magnification details (d-f, l-n). untreated surfaces, regardless the countermaterial. Regarding the influence of the countermaterial, in the self-mating AISI 316L vs. AISI 316L contact, the COFs are generally higher (for both untreated and NLL-treated steel) than against EN100Cr6 (Fig. 6) , due to the higher adhesive contribution to friction [30] . Concerning the influence of the NLL treatment orientation, against both countermaterials the NLL-treated steels with perpendicular orientation display the lowest COF values, as observed also by other authors [31] . The perpendicular alignment probably generates a lower contact area between the asperities of the mating surfaces, which in turn induces a lower adhesive component of friction. This hypothesis is also presented in [32] , when discussing the influence of micro/nanogrooved surfaces on friction. A shorter stiction length contributes to decrease the friction coefficient, measured in the perpendicular orientation on samples with narrow grooves, if the ratio between the width of the grooves (b) and the radius of counterbody (R) is less than 10 À 3 , as in the case of the present work where b/R is about 2.5 Á 10 À 5 .
A more detailed analysis of the evolution of friction as a function of sliding distance in the self-mating configuration (AISI 316L vs. AISI 316L) is shown in Fig. 7 . The comparison of dynamic friction curves shows that, while the untreated steel displays high COF and undergoes wide oscillations (typical of stick-slip motion in sliding systems at low speed and high adhesion [33] ), the NLLtreated steel displays low COF, especially when the orientation of the texture is perpendicular to the sliding direction. Specifically, the perpendicular orientation generates the lowest values of dynamic friction in Fig. 7 , with negligible oscillations during sliding, up to a distance of 12 m. Then, the COF increases with increasing sliding distance and starts to display remarkable oscillations, similar to those showed by the untreated steel as well as by the treated steel with parallel orientation (even though to a lower extent). This transition to high friction is due to the onset of wear damage of the NLL-treated surface, as demonstrated by morphological observation of the worn surfaces.
The morphology of wear scars observed by SEM at the end of dry sliding tests is shown in Fig. 8 . When sliding in the self-mating configuration (AISI 316L vs. AISI 316L), the untreated steel surface (Fig. 8a and d) clearly undergoes heavy plastic deformation and shows no evidence of the typical protective oxide layer, which usually forms under low loads such as 5 N, but with higher sliding distances than those used in the present study [34] . On the contrary, the NLL-treated surfaces are, already after these short tests, partly covered with fine oxidized wear debris (powdery material is visible at low magnification in Fig. 8b and c and dark grey oxidized areas are visible in high-magnification images of Fig. 8e and f) . Table 4 reports EDS data showing higher concentrations of O in the worn surfaces of NLL-treated steel with perpendicular orientation than in the untreated steel. So, even though the oxide debris coverage is never continuous, oxides were observed to a higher extent on the surface with perpendicular orientation (Fig. 8c and  f) , where the entrapment of debris, "wave after wave" along the sliding direction, might be favoured. With a parallel orientation, instead, oxides may be more easily removed from the bottom of the grooves aligned with the sliding direction.
When sliding against 100Cr6, the untreated steel surface (Fig. 8g and l) underwent plastic deformation, even though to a lesser extent than in the self-mating configuration. This is due to a lower incidence of adhesion phenomena (as shown by the comparison of Fig. 8a and g ). Moreover, the worn surfaces are covered with a protective iron-oxide transfer layer, which was thicker and more continuous than when sliding against AISI 316L. Correspondingly, higher O concentrations were measured on the wear scars ( Table 4) .
As already observed for the previous tribological coupling, the surface of the NLL-treated steel ( Fig. 8m and n) is less damaged than untreated steel (Fig. 8l) . The nanotextured surface with perpendicular orientation (Fig. 8i and n) seems to be able to stabilize a Table 4 Comparison between the composition of unworn surfaces and of wear scars, EDS data (wt.%). The measurements were recorded in images shown in. Fig. 8 .
Sample
Counter more continuous iron oxide layer than the parallel one ( Fig. 8h  and m) . In general, the presence of iron oxides on the worn surface, which is typical of dry sliding contacts involving AISI 316L stainless steel under low loads and speeds [35] [36] [37] and [38, 39] , can play a significant role in decreasing friction. The ability of lasertextured surfaces to trap wear debris, which is the main mechanism for the improvement of tribological behaviour in dry conditions [40] , may further enhance the beneficial role of iron oxides in decreasing friction.
The wear debris are more efficiently retained on the textured surface with perpendicular orientation due to geometrical factors, thus producing the lowest COF values when dry sliding against both countermaterials.
Lubricated sliding tests
As already observed in dry sliding tests, the average COF values measured in lubricated conditions Fig. 9a indicate that NLLtreatment is able to decrease the COF of the AISI 316L austenitic stainless steel. Fig. 9b shows an example of the dynamic evolution of COF as a function of sliding distance during lubricated sliding tests for the untreated steel and for the SS ? configuration. As already observed in dry sliding conditions, for the untreated steel the average values of COF are higher, the oscillations are wider and the general trend is less homogeneous than in the case of the NLLtreated steel.
In lubricated conditions, however, the effect of the nanostructure orientation (perpendicular or parallel to the sliding direction) seems to be less prominent than in dry sliding conditions: both the parallel and the perpendicular orientation is effective in decreasing COF, with no remarkable difference between the two. This is probably due to the ability of both the orientations to increase lubricant retention on the steel surface, thus limiting the two main components of friction: (i) adhesion due to steel-to-steel contact and (ii) abrasion of the soft AISI 316L surface by the hard 100Cr6 sphere. In addition to an increased lubricant retention effect, which is listed among the main mechanisms for the beneficial influence of laser texturing in lubricated sliding [40] , also other non-directional effects might have a beneficial influence on friction. In particular, in lubricated sliding, also other authors [41] observed that the textured surfaces (regardless the shape and orientation of texture) proved to be beneficial and showed rather similar friction behaviours. They attributed the generalized beneficial role of texture to the ability of grooves and depressions of (i) getting the interface rid of loose abrasive particles and (ii) acting as "interruptions" of surface deformation, thus generally limiting possibilities for local contact area growth.
In the case of lubricated reciprocating sliding, the wear scars ( Fig. 10) were much more homogeneous than in the case of dry sliding (as demonstrated by the comparison between Figs. 8 and 10). Also, the iron oxide transfer layers which were discussed previously for dry sliding tests (Section 3.3.1) and which stabilize on the NLL-treated surface to an extent depending on the orientation, were not observed. In lubricated sliding, the lubricant is likely to maintain a lower contact temperature than in dry sliding, thereby limiting oxidation phenomena [42] . Due to the homogeneity of wear scars obtained in lubricated conditions, it was possible to measure representative depth profiles, as those compared in Fig. 11 , which shows that detectable values of wear depth were obtained only in the case of untreated steel (depthE 100 μm). The NLL-treated steel surfaces only show a few, shallow grooves and scratches (as shown also by the SEM images in Fig. 10b and d) . The untreated steel also shows the typical plastic deformation at the side of the wear scar (due to ploughing), which is absent from the NLL-treated surfaces. Therefore, also in this case, the improved friction and wear behaviour of NLL-treated surfaces might be attributed to restricted possibilities for plastic deformation and hence for local contact area growth.
Conclusions
The sliding behaviour of AISI 316L austenitic stainless steel was investigated before and after surface nanopatterning by Nonlinear Laser Lithography (NLL). Sub-wavelength nano-ripples with a good uniformity and on large areas were generated with different orientations to the sliding direction (perpendicular or parallel) and their influence on the tribological properties was investigated. Both dry (block-on-ring) and lubricated (ball-on-disk contact geometry) sliding tests were carried out, using different counterbody materials. The following conclusions can be drawn from this work:
The NLL treatment produces a significant reduction of the coefficient of friction both in dry and lubricated conditions.
In dry sliding conditions, the friction reduction depends on the orientation of the nanogrooves with respect to the sliding direction: the best results were obtained by the perpendicular orientation.
In dry conditions, the beneficial influence of NLL on friction was attributed to the ability of the nanogrooves (i) to lower the contact area between the asperities of the mating surfaces, hence to reduce adhesion and (ii) to entrap the iron oxide wear debris. The first effect dominates in the AISI 316L-AISI 316L selfmating contact, whereas the second one is the main effect in the case of sliding against 100Cr6.
In lubricated conditions, the decrease of friction induced by NLL is not significantly affected by the relative orientation between nanotextures and sliding. The beneficial influence of NLL on friction was attributed to the increased lubricant retention as well as to ability of the nanogrooves to limit plastic deformation and hence local contact area growth.
